Aims/hypothesis We assessed the predictive value of ectonucleotide pyrophosphatase/phosphodiesterase 1 gene (ENPP1) SNPs with regard to the risk of developing obesity and/or type 2 diabetes in a large French general population. Methods We genotyped the ENPP1 SNPs K121Q (rs1044498), IVS20delT-11 (rs1799774) and A/G+1044TGA (rs7754561) in 5,153 middle-aged participants of the Data from an Epidemiological Study on the Insulin Resistance Syndrome (DESIR) cohort. Results At baseline, the K121Q polymorphism was not associated either with BMI (p=0.98) or with class I obesity (odds ratio [OR] 0.99, p=0.81), but showed a borderline association with class II obesity (OR 1.65, p=0.02). The K121Q variant was not associated with any trait during the 9-year follow-up. Pooled analyses both at baseline and at follow-up failed to show any association with hyperglycaemia (OR 1.08, p=0.28) or type 2 diabetes (OR 1.15, p=0.38). However, we did show an association of the Q121 allele with the risk of hyperglycaemia (OR 1.45, p= 0.001; n=265) and type 2 diabetes (OR 1.65, p=0.01; n= 103) in participants reporting a family history of type 2 diabetes. These results did not remain significant after a Bonferroni correction. The IVS20delT-11 and A/G+1044TGA polymorphisms and the three-allele risk haplotype (K121Q, IVS20delT-11 and A→G+1044TGA [QdelTG]) were not associated with any trait, either at baseline or at follow-up. Conclusions/interpretation In a general French population we did not find an association of the QdelTG risk haplotype with adult obesity and type 2 diabetes. We detected nominal evidence of association between the K121Q polymorphism and both severe adult obesity at baseline and the risk of hyperglycaemia or type 2 diabetes in participants with a family history of type 2 diabetes in pooled analyses both at baseline and follow-up.
, but the molecular determinants of the obesity-related type 2 diabetes phenotype also named 'diabesity' are mostly unknown. Linkage analyses for traits associated with obesity [2] [3] [4] and type 2 diabetes [5] [6] [7] [8] [9] have reported a region potentially contributing to 'diabesity' on chromosome 6q16-q27. A plausible positional candidate gene in this region is the ecto-nucleotide pyrophosphatase phosphodiesterase 1 (ENPP1) gene. ENPP1 directly inhibits insulin-induced conformational changes of the insulin receptor, thereby affecting its activation and downstream signalling [10] . The functional K121Q missense polymorphism [11] has been associated with insulin resistance [12] [13] [14] [15] [16] , type 2 diabetes [16] [17] [18] [19] , overweight [20] , obesity [21] and 'diabesity' [22] in several studies with samples from diverse ethnic backgrounds. Recently, we studied more than 6,000 participants of European origin and showed an association between an ENPP1 three-allele risk haplotype (K121Q, IVS20delT-11 and A→G+1044TGA [QdelTG] ) and childhood obesity, severe adult obesity and the associated type 2 diabetes [23] . The association between the ENPP1 three-allele risk haplotype and childhood obesity was recently confirmed in a German population [24] , whereas the association with the at-risk haplotype for adult obesity and type 2 diabetes was not replicated in other well powered studies [25, 26] . Some other reports on the K121Q single nucleotide polymorphism (SNP) have shown inconsistent allelic associations with BMI [27] and obesity [28] or even no association with insulin resistance or type 2 diabetes [20, [29] [30] [31] [32] [33] [34] . The effects of ENPP1 SNPs have not been investigated yet in the context of a prospective cohort study, said to be the 'gold standard' in genetic epidemiology [35] . Although small-sized genetic association studies for complex traits have often been challenged by irreproducibility [36] , large case-control, familial and population-based prospective cohorts have provided reliable data on several common genetic variants in type 2 diabetes susceptibility [37] [38] [39] .
Here we analysed the ENPP1 polymorphisms in a wellknown general French population, the Data from an Epidemiological Study on the Insulin Resistance Syndrome (DESIR) study cohort [40, 41] .
Methods
Study population Men and women aged 30 to 64 years participated in the DESIR cohort, a 9-year follow-up study that aims to clarify the development of the insulin resistance syndrome [42] . Participants were recruited from volunteers insured by the French social security system, which offers periodic health examinations free of charge. They came from ten health examination centres in the western central part of France. All participants signed an informed consent declaration. The ethics committee of Bicêtre Hospital (Le Kremlin-Bicêtre, France) approved the protocol. Ethnic origin cannot be legally documented in France. We estimated the proportion of participants with non-European ancestry from a subgroup of 654 DESIR participants, as previously described [43] . We genotyped 328 SNPs, which were spaced by at least 5 Mb and highly differentiated among individuals from different continents (Fst statistic of Wright>0.2 based on the Perlegen dataset) [44] . Analysis using STRUCTURE software (http://pritch.bsd.uchicago.edu/structure.html) identified only two individuals of non-European ancestry in a total of 654 individuals. From this analysis, the proportion of participants having non-European ancestry was estimated to be 0.30% in the DESIR cohort. A total of 5,153 participants genotyped for ENPP1 K121Q, IVS20delT-11 and A→G+1044TGA polymorphisms had data available at baseline [men/women ratio 49.6:50.4; age (mean±SD): 47.2±10.0 years, BMI: 24.7±3.8 kg/m 2 ]. Among them, 4,593 participants were normoglycaemic (fasting plasma glucose<6.1 mmol/l), of whom 3,528 (77%) were followed for incident impaired fasting glucose and diabetes during a 9-year period. In addition, 3,807 men and women were non-obese (BMI<27 kg 2 ) at baseline, with 2,952 (78%) being followed for overweight and class I and class II obesity during the 9-year period. At the four 3-yearly examinations during the 9 years of follow-up, 2,005 participants were both non-obese and had normal glucose tolerance.
Glycaemic status was defined according to 1997 American Diabetes Association criteria [45] (normoglycaemia: glucose <6.1 mmol/l; impaired fasting glucose, fasting plasma glucose 6.1-6.99 mmol/l; type 2 diabetes, fasting plasma glucose≥7.0 mmol/l and/or treatment by hypoglycaemic agents). Participants with at least one first-degree relative with type 2 diabetes were declared as having a familial history of type 2 diabetes. This information was selfreported by the participant. Three classes of adiposity were Measurements Weight and height were measured by trained personnel and BMI (kg/m 2 ) calculated. Venous blood samples were collected in the morning after a 12 h fasting period. Plasma glucose was assayed by the glucose oxidase method applied to fluoro-oxalated plasma, using a Technicon RA1000 (Bayer, Puteaux, France) or other automatic device (Kone Automate; Kone, Evry, France). HDL-cholesterol was measured by the phosphotungstic precipitation method and triacylglycerol using the enzymatic Trinder method. Participants were asked about previous myocardial infarctions and strokes.
Genotyping K121Q and A→G+1044TGA genotyping was performed using SNPlex technology (Applied Biosystems: http://www.appliedbiosystems.com) based on the oligonucleotide ligation assay combined with multiplex PCR target amplification. The chemistry of the assay relies on a set of universal core reagent kits and a set of SNP-specific ligation probes allowing multiplex genotyping of 48 SNPs simultaneously in one unique sample. A quality control measure was included using specific internal controls for each step of the assay (according to the manufacturer's instructions). Allelic discrimination was performed through capillary electrophoresis analysis using a DNA analyser (3730xl; Applied Biosystems) and GeneMapper 3.7 software (Applied Biosystems). This technology achieved 97% successful genotyping for the cohort. We genotyped IVS20delT-11 with the TaqMan (Applied Biosystems). As a quality control procedure we double-genotyped a subset of 742 individuals (14.4% of the whole sample) using Light Typer (Roche Diagnostics: http://www.rochediagnostics.fr) for K121Q and TaqMan for IVS20delT-11 and A→G+ 1044TGA SNPs. The concordance rates for K121Q, IVS20delT-11 and A→G+1044TGA were 99.7, 100 and 100% respectively. Probes for Light Typer were synthesised by TIB Molbiol Syntheselabor (http://www.tib-molbiol.de).
Statistical analysis Tests for deviation from Hardy-Weinberg equilibrium and for association were performed with the De Finetti program (http://ihg.gsf.de/cgi-bin/hw/hwa1.pl). Logistic regression was used for disease status, adjusting for the confounding variables baseline age, BMI and sex. To assess the effect of genotype on the incidence of new disease in participants who were healthy at baseline, we used non parametric Kaplan-Meier survival analysis models and the log-rank test to compare genotypes. SPSS 10.1 software (http://www.spss.com/fr) was used for general statistical analyses. For statistical power calculation we used the QUANTO program (http://hydra.usc.edu/GxE) [46] .
Results
The genotypic distributions of all three SNPs were in HardyWeinberg equilibrium (p>0.01). The Q121, IVS20delT-11 and A→G+1044TGA minor allele frequencies were 16.1, 23.4 and 28.4% in the whole cohort, in agreement with previously described data in European white populations. As ENPP1 SNPs have been suggested to be associated with obesity and type 2 diabetes, we selected as control persons the 2,005 DESIR participants who were non-obese (BMI<27 kg/m 2 ) and had normal fasting glucose values (<6.1 mmol/l) at baseline and at every subsequent 3-yearly examination during the 9-year period of follow-up.
We first analysed the K121Q polymorphism at baseline. Table 1 ]. In addition, we found a trend towards association of K121Q with a decreased HDL-cholesterol : triacylglycerol ratio (KK+KQ, 2.01±0.02 vs QQ, 1.80±0.09, arbitrary unit, p=0.02) and with an increased frequency of stroke (KK+KQ, 0.4% vs QQ, 2.1%, p=0.03) under a recessive model (ESM Table 1 ).
We then analysed the genotype distribution of K121Q in participants who were unaffected at baseline and developed obesity and/or hyperglycaemia during the 9-year follow-up period (Table 2) . K121Q was not predictive of higher incidence of class I/class II obesity, hyperglycaemia or type 2 diabetes. The Q121 allele was marginally more prevalent in participants who developed overweight [OR 1.21 (95% CI 0.99-1.42), p=0.06]. A non-parametric Kaplan-Meier survival analysis model over the 9-year follow-up showed no significant results with any trait (log-rank test, p>0.05) and only a trend towards higher occurrence of overweight (log-rank test, p=0.06) for Q121 carriers.
To test the K121Q association with obesity and type 2 diabetes traits with more statistical power, we pooled participants affected at baseline (Table 1) with those developing the disease during the 9-year follow-up period (Table 2) , for an overall case-control analysis ( In the logistic regression models, and taking into account baseline age, BMI and sex for hyperglycaemia and type 2 diabetes in participants with a family history of the disease, associations with K121Q remained significant (p<0.05, data not shown).
Due to the striking differences in ORs of K121Q for type 2 diabetes in general and type 2 diabetes in participants with a family history of the disease, we next classified the type 2 diabetic patients into two subgroups, namely with and without a family history of the disease (Fig. 1) IVS20delT-11 and A/G+1044TGA polymorphisms and the QdelTG haplotype were not associated with any trait, either at baseline or at follow-up (p>0.05, data not shown).
Discussion
The ENPP1 gene analysis of this large prospectively followed French cohort does not support the role of K121Q in the development of obesity or type 2 diabetes. Our results suggest a putative association of the K121Q polymorphism with class II adult obesity at baseline and with glucose intolerance and type 2 diabetes restricted to participants with a self reported family history of type 2 diabetes. This is in agreement with data reported earlier in highly selected case-control and family samples [23] . We found higher Q121 allele prevalence among diabetic participants (diabetic at baseline plus those developing hyperglycaemia during the 9-year follow up) with a family history of type 2 diabetes than among other diabetic patients (22.3 vs 14.3%, respectively, p=0.01). This obser- vation confirms that familial forms of type 2 diabetes are a high-value resource to identify susceptibility genes, but may not be fully representative of common forms of the disease. A similar finding was concluded from the Botnia observational prospective study, which included 2,293 firstdegree relatives of type 2 diabetic patients [47] . In this regard, the analysis of the peroxisome proliferator-activated receptor gamma gene (PPARG) Pro12Ala and the calpain 10 gene (CAPN10) SNP44 in our French familial type 2 diabetic cases that have been previously reported showed higher relative risks for the disease [48, 49] than previously found in non selected case-control studies [37, 39] . However, caution is needed, since this subgroup analysis was performed on a limited number of familial cases (hyperglycaemia, n=265; type 2 diabetes, n=103).
The difference in the genetic background of type 2 diabetic cases may in part explain discrepancies between ENPP1 K121Q SNP as highlighted in recent studies. In the present report, K121Q polymorphism was not associated with overweight, class I obesity, hyperglycaemia and type 2 diabetes, either at baseline or during the follow-up. Cohorts enriched in familial type 2 diabetes/obesity cases or obtained from ethnic groups with a high prevalence of type 2 diabetes/ obesity are more likely to show positive association with ENPP1. Indeed, the most potent effect of ENPP1 on type 2 diabetes was found in French families with early-onset obesity and in southern Indians [17, 23] , two populations showing severe insulin resistance. In addition, we selected a cohort of 752 French participants with type 2 diabetes and familial history of the disease in our previous report [23] .
With regard to obesity, we only observed a borderline association with class II obesity at baseline and a trend towards higher occurrence of overweight in initially lean Q121 carriers over the 9-year follow-up. However, K121Q was not associated with overweight and class I obesity, either at baseline or during the follow-up. Power calculation with alpha level=0.05 indicated a good power to detect association of class I obesity, hyperglycaemia and type 2 diabetes with K121Q in the whole sample (0.99, 0.99 and 0.86, respectively) and a reduced power to detect association of K121Q with class II obesity (0.59), considering our previously reported ORs in the French population [23] . Again, it is likely that cohorts enriched in familial obesity cases in our previous study probably led to overestimation of the relative risk of obesity [23] . Unfortunately, the absence of available data regarding the family history of obesity precluded a subgroup analysis of familial and non-familial obese partic- ipants in the DESIR cohort. The previously documented, highly significant association with class III obesity [23] was not tested, given the weak number of affected participants in this study (n=28). These data indicate the limitations of the existing medium-sized general cohorts to explore the effect of SNP on the development of extreme phenotypes. We also observed a putative effect of the K121Q SNP on the atherogenic risk factor HDL:triacylglycerol ratio and on history of stroke. Although these data may be due to noise, they are in line with the previously reported association of K121Q with myocardial infarction [18, 50] . We did not replicate, in this cohort, our previous finding of an association between ENPP1 IVS20delT-11 and A/G+ 1044TGA SNPs and obesity [23] , nor did we find a significant association between the QdelTG haplotype and both obesity and type 2 diabetes. Three recent reports have shown conflicting results about an effect of the QdelTG haplotype on glucose intolerance, type 2 diabetes and obesity [24] [25] [26] . It remains possible that our original results reported a false positive result, and further replication is needed to clarify the role of the QdelTG haplotype in comparison with K121Q analysed alone.
Importantly, our results would not be significant if subjected to stringent correction for multiple testing. Therefore, we cannot rule out a spurious positive association due to multiple testing.
In conclusion, our data do not confirm the association of the ENPP1 QdelTG haplotype with type 2 diabetes and obesity. We observed a possible association of the K121Q polymorphism both with severe adult obesity at baseline, and with hyperglycaemia and type 2 diabetes in individuals with a family history of the disease in pooled analyses at baseline and at follow-up.
